Semiconductor quantum structures are often characterized by their energy gaps which are modified by the quantum size effect. Energy levels in semiconductors can be realized by optical transitions within confined structures. Photoluminescence spectroscopy in magnetic fields at low temperatures has proved to be a powerful technique for investigating the electronic states of quantum semiconductor heterostructures and offers a complimentary tool to electrical transport studies. In this review, we examine comprehensive investigations of magneto-excitonic and Landau transitions in a large variety of undoped and doped quantum-well structures. Strong magnetic fields change the diamagnetic energy shift of free excitons from quadratic to linear in B in undoped single quantum well samples. Twodimensional electron gas induced by modulation doping shows pronounce quantum oscillations in integer quantum Hall regime and discontinuous transition at ν=1. Such discontinuous transition can be explained as the formation of spin waves or Skyrmions.
I. Introduction
A simplest quantum confined structure of semiconductors can be achieved by attaching two different semiconductors with different energy band gap.
Deposition of two different semiconductor layers
(typically ＜100 Å) repeatedly, a completely new type of two-dimensional (2D) carrier properties can be established. Such low dimensionality exhibits noble properties such as integer [1] and fractional [2] quantum Hall effects, quantum confined stark effect, and so on. Optical spectroscopy at low temperature (typically below 4 K) and high magnetic fields has proved to be a powerful tool for investigating the ground and excited states of high-quality quantum-well-type 2D semiconductor heterostructures [3] because optical transitions are strongly influenced by electron-electron interactions and the experimental method offers a complimentary tool to electrical transport studies.
Generation of pulsed-magnetic fields
Continuous magnetic fields can be achieved up to 45 tesla (T) by using a hybrid magnet which is concentrically consisted by an outer superconducting and inner resistive magnets. In comparison, the average magnetic field of the earth is about 5×10 -5 T. Appl. Sci. Converg. Technol. 23 (1), 1-13 (2014) Figure 1 . Pulsed magnetic field profiles. Capacitordriven short pulse magnet has only 25 ms spike-like transient time (black line). Capacitor-driven mid pulse magnet has ~ 0.5 s field duration (violet) and optical measurements can be made continuously at every 2 ms spectrum acquisition time during the pulse using charge coupled device (CCD) detector. Power generator-driven long pulse magnet has 2 s fields duration with various pulse modes are available. Center which offers up to 100 T. Destructive magnet system which can generate over 100 T to 700 T within few microseconds. We do not discuss any further about destructive type pulsed-magnets. ) are able to be formed [4] . In a bulk (3D) semiconductor crystal, due to the small binding energy of charged excitons, it is difficult to detect them.
However, in 2D quantum wells, binding energies of charged excitons are detectably enhanced. [5] In the presence of magnetic field, when a charged exciton satisfies the selection rule of Δs=±1 where s is spin angular momentum of particles, they recombine and generate a photon with right or left circular polarization (RCP, LCP). In a strain-induced semiconductor heterostructure, due to the heavy-and light-hole mixing, linearly polarized photons can be generated. 
where n, e, m, and B are integer numbers, electric charge, electron mass and external magnetic field, respectively, and ω c=eB/m is cyclotron frequency.
The selection rule for the radiative recombination between the conduction and the valence band Landau levels is Δn=0 (see Fig. 2 ). However, the selection rule can often be broken due to the impurities in the quantum system at very low temperature below 4 K.
From this equation, we know that the carriers obtain quantized magnetic energy which is proportional to external magnetic fields. However, in specific magnetic fields, due to the strong correlations within 2D free carriers, optical and transport phenomena exhibit integer and fractional quantum Hall effects which means that the Landau energy is no longer linear in B at the quantum Hall states. Experimental set up for optical spectroscopic measurements. A multi-mode optical fiber carries laser light to and photoluminescence signal from the sample located at the center of the magnet. Fast CCD detector system made it possible to take a PL spectrum at every 2 ms during transient magnetic field pulse. The inset on the right corner depicts Voigt geometry by using a small right-angle prism. show a characteristic diamagnetic shift of magneto-excitons; at low fields below 10 T, the diamagnetic energy shift is proportional to B 2 and at high fields (∼35 T), the shift becomes linear in B [7] . In the vicinity of 30 T, all undoped QW samples exhibit anti-crossing of the heavy-and light-hole excitons [8] due to valence band mixing effects [9] . . However, when magnetic field is high, the magnetic energy can no longer be treated as perturbation and the diamagnetic energy shift is proportional to ω c . Our values are about a factor of two less than those reported by Rogers et al. [7] for similar well widths and are closer to the ideal 2D limit.
II. Experimental Setups in Magnetic Fields

Quantum oscillations in modulation-doped SHJ in magnetic fields
The electric potential profile and the electronic structure of the sample used for this study are depicted in 
where is N density of 2DEG and h is Plank constant.
In Eq. 2, measuring magnetic field for any integer ν , the total 2DEG density (N ) can be calculated as We made magneto-photoluminescence (MPL) measurements of a series of SHJ samples Table 1 carrier densities (see Table 1 ) ranged from 1.2 to After illuminating the sample, the electron density in the well increased to 5.82×10 11 cm -2 , and the E0 and in the E 0 Landau levels that modulate Coulomb interactions between a 2D electron gas and an E 1 exciton.
This periodic change of the Coulomb interaction modulates the MPL intensity [8] .
The nonlinear behavior of the transition energy is more complicated. When the Fermi level sweeps through an extended state, the screening strength changes, because screening within 2DEG is proportional to density of states at the Fermi level. Repeating this process with changing magnetic fields modulates the screening strength, which leads to a nonlinear behavior of the transition energy in an optical process.
Hawrylak, Polsford, and Ploog [13] reported that energy oscillations can be eliminated by acceptor doping in a single heterojunction, while the PL intensity continues to oscillate with varying magnetic fields.
With acceptor doping, hole screening is negligible because holes in the valence band are blocked by the doped acceptors, and electrons can"see"only the acceptors. A theoretical study [9] also has shown that energy variation occurs at the even numbers of integer quantum Hall states due to the screened exchange and Coulomb hole self-energy. However, it is suggested that the Coulomb hole of the hole term is dominant, since the electron exchange and correlation are effectively canceled, and insufficient photocreated holes exist to make the hole correlations while suppressing the exchange energy [18] . Spin wave is an exciton complex within the conduction band. As seen in Fig. 8(a) In Table 1 Table 1 . The corresponding redshifts for three samples reported by Nicholas et al. [19] were estimated from Fig. 1 in their paper and are also shown in Table 1 together with other sample parameters where known. The distance between the electron and the hole layers d e-h was calculated using Eqs. (22)∼ (25) outlined in the paper by Cooper and Chklovskii [19] . The redshifted energy ΔE 1 at ν =1 is related by
where B X is the binding energy of the exciton formed in the initial state. B SW is the binding energy of the spin wave formed in the +1/2 electron level and 
where l is the cyclotron radius.
Cooper and Chklovskii [20] However, the BX correction depends on the d/l ratio as seen in the inset in Fig. 11 . Inclusion of this correction to BX in our samples significantly reduces the calculated de-h distances as seen in Table 1 . Here we present the calculated distances between the electrons and holes near the interface for our SHJ samples and for those measured by Nicholas et al. [19] The last two columns in the The error in ΔE1 is estimated to be ±0.07 meV. The error in de-h(2) with both corrections included is estimated to be about 62 Å. We find that the separation decreases with increasing carrier concentration as may be expected and it can be described approximately by an inverse dependence as shown by the solid line in Fig. 11 . This dependence results from the Coulomb interaction between the 2DEG at the interface and the nonlocalized holes. The holes will tend to locate in a position in the valence band that minimizes the potential energy. We appreciate that this picture is rather approximate as it in no way takes into account the finite thickness of the hole layer.
Nevertheless, in SHJ samples with moderate to high carrier concentrations, it explains why the recombination intensity for 2＞ν ＞1 and 1＞ν ＞1/3 in particular is so strong. The wave function overlap between the 2D electrons in the CB and the free holes in the valence band could be comparable or larger than those designed in SHJ's that were specifically doped with Be acceptors (typically about 20∼25 nm from the interface) [22, 23] . Our analysis shows that the free holes even in lightly doped materials (e.g., ~1.2×10 ) may be located much closer to the interface than SHJ's studied using delta-doped acceptor bound holes.
For large values of de-h, the spin wave state will no longer be the ground state. Its place will be taken by a state where the valence hole binds to an electronic spin texture, in which more than one electron presents some degree of spin depolarization leading to the formation of an excitonic Skyrmion. However, in our samples, the calculated de-h are too small to form the Skyrmion state. The lowest de-h extracted in Ref. 18 is about 80 Å as seen in Fig. 11 which is in the regime of the formation of Skyrmion state.
IV. Summary
Photoluminescence measurements in pulsed mag- It will offer various physical measurements in ultra high magnetic fields such as optical spectroscopy, de
Haas-van Alphen effect and magneto-transport.
